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HIGH STRAIN RATE DEFORMATION IN FCC METALS AND ALLOYS

P. S. Follansbee
Los Alamos National Laboratory
Los Alamos, New Mexico, USA, B7545

The effect of strain rate, and particularly of high strain rates, on
deformation mechanisms in materials is of fundamental interest to those who
model and analyze dynamic loading. In many materials the strain rate
seneitivity 1is known to increase dramatically when the otrain rate is
raised shove ~103 #™!. This increase has been intarpreted previously as a
transmition in deformation mechanism from thermal activation control at low
strain rate to dislocation drag control at high strain rate. In copper,
copper-aluuinum alloys and stainless steel, recent wmeasurements have shown
that the increased rate sensitivity found at high strain rates is not due
to a transition in deformation wechanism but rather can be explained with
standard thersmal activation theory. These findings and their implications
regarding the formulation of constitutive behavior will are presented.

I. INTRODUCTION

Although the high strain rate deformation behavior of most common metals
has been studied using one of a variety of experimental techniques [1],
studies of FCC metals using techniques based on the Hopkinson bar have



domirated the literature. Some of these investigations are listed in Table
1. This tabulation is not meant to be all inclusive, b_:. rather to list
those investigations where the constant strain, strain rate sensitivity,

which is defined as

9a
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3logt € R
could be evaluated over a wide range of strain rates. The high strain rate
data in most of these investigations have been measured in compression
using the split Hopkinson pressure bar.

In many of the references 1listed in Table 1, the constant strain,
strain rate sensitivity ie found to increase when the strain rate i{s raised
above roughly 103 !, When the maximum strain rate investigated i1
limited to 107 s'l, such an increase is usually not seen [3,5,10]. This
increase or transition in rate sensitivity has been the topic of much
discussion. Although 1in polycrystalline copper, most previous
investigators have noted such a transition vhen strain rates of the u.rder
104 are achieved, Lindhnlm [11] have did not measure any increase 1in rate
sensitivity at strain rates as high as 6x.0* s~!. This has led to
questions concerning the validity of experimenral techniques at these high
strain rates. Whether or not there exists an increase 1in the rate
sensitivity at high strain rates is an important question. Many impact
phenomena 1lead to deformatio. at strain rates eaceeding 103 s ! the
ability to model these processes computationally requires the knowledge and
understanding of the material constitutive behavior at high strain rates.

Explanations for the increased rate sensitivity have been proposed
which are based on a transition in rate controlling deformation amechanism
from thermal activation at low strain rates to some form of dislocation
drag, due to the interactions with phonons at room temperature (22), at
strain rates exceeding 103 sl The predominance of dislocation drag
controlled deformation has baen used to explain the experimentally observed

relationship between flow stress o (at constant strain) and atrain rate €,
o= oy + Be , (2)

vhere the back stress o, and the constant B are t>th functions of strain.
There has been wide usage of "viscous” or "linear” laws such as Eq. 2 to

describe constitutive behavior at high ctrain rates.



The purpose of this paper 18 to describe the dynamic deformation
behavior of a few FCC metals. First, we will briefly review the split
Hopkinenn pressure bar experimental techniques and specifically address the
question of test validity. We conclude that valid test results are
obtainable at strain rates approaching and even exceeding 104 7! 1f
certain precautions are taken. Some experimental results obtained in
copper, copper-aluminum alloys, and five austenitic stainless steels will
be presented in Section 3. In Section 4 the origin of the increased rate
sensitivity at high etrain rates is discussed. In order to investigate the
role of dislocation drag rechanisms, the current understanding of
dislocation glide kinetics is reviewed. Dynamic flow atr2ss measurements
are compared with measurements of the mechanical threshold stress, which is
used as an internal state variable, and it ie concluded that dislocation
drag mechanisms do not contribute to the rate sensitivity in the FCC metals
investigated at strain rates less than 10% s”!. An alternate explanation
for the 1increased rate sensitivity, based on structure evolutinm, is
proposed. The influence of these findings on the appropriate formulation

of a constitutive law 18 desciibed in Section 5.

I1. DYNAMIC TESTING WITH THE HOPKINSON BAR

Experimental techniques based on the Houpkinson pressiure bar are
well-developed; for discussion of thmse tmchniques, the reader is referred
to reviews by Lindholu [3,23] and Follansbee [24]. In the latter reference
the topic of test validity is discussed and 1t 1is shown that, 1in the
compreession test with the oplit Hopkinson pressure bar (SHPB), factore that
influence test validity include frictional constraint, radial and axial
inertial constraint, and elastic wave dispersion. 1In addition, the correct
specification of timing between the three strain gage signals becomes
increasingly critical at high strain rates. The problem of friction
accompanies compression testling at sll strain rates, and the problem is not
influenced greatly by the actual strain rate. A great deal is known about
lubrication techniques and specimen aspect ratios (1/d where 1 18 the
specimen length and d 1is the diameter) that minim‘rze errors due to
frictional constraint. Uufortunately, the optimum aspect ratio suggesi~d
for a quasi-static compression test (1.5 < 1/d < 2) shoull not be use’ 'n

the SHPB test because of inertial constraint considerations. In an esvly



analysis of the errors due to radial and axial constraint in a rapidly
deforming solid cylinder, Davies and Hunter [25] concluded that these
errors would be minimized 1f the aspect ratio of a specimen ceforming at
constant strain rate were chosen such that
1. (3".)112 . )
d &
where V. is the Poisson ratie. Note that for vg = 1/3, Eq. 3 yields
1/d = 0.5.

Bertholf and Karnes [26] performed a full two~dimensional, finite
difference, elasto-plastic analysis of the SHPB test and found results
consistent with Eq. 3. Furthermore, these authors inveetigated test
validity up to a strain of ~ 4% and concluded that if the loading wave were
a traperoidal wave of riseti -2 T, rather than a square wave, then test

results were valid providing that

D € ¢ 5x10% cor-g”} (4)
and

T

1;-> 16 us-cm ! , (5)

where D 1is the diameter of the pressure bar. Dispersion in the mlastic
pressure bar will naturally decrease the slope in the leading edge of the
loading wave. Techniques to further increase the risetime of this wave
have been describted by Frantz et al ([27); it {is not difficult to
approximate the trapezoidal wave condition imposed by Bertholf and Karnes.
The criteria of Eqs. 4 and 5 suggests that for tests with 5 mm diameter
=1

pressure bars, test results at straln rates as high as 104 &~! can be

performed if the 1/d ratio of the specimen is chusen to match Eq. 3 and 1if
normal lubrication techniques are employed. Inspection of the actnal
results in [26] suggests that the criteria of Eq. 4 may be slightly
overconservative. Indeed, 1if test validity had been evaluated at a higher
strain than 4%, higher strain rates would have been allowed.

Aunother problem with experiments in the Hopkinson bar arises in the
interpretation of the strain gage signale. Recall that one of the
advantages of test techniques based on the Hopiinson bar is that the stress
and strvain in the deforming sample are simply related to straln gage
measurements made on the elastic pressure bars. For the split Hopklnsou

prevsure bar shown schematically in Fig. 1, the initial compressive wave



El(t) and reflected tensile wave Ex(t) measurad on the incident bar and the
transmitted compressive wvave ET(t) measured on the transmitter bar can be
combined to yield the stress within the specimen azcording to

E A
o(t) = Ta (2 (e)+ER(t)+EL (L) ] (6)

and the strain within the sample sccording to

Co
e(t) = 11: [Ey(t)-Eg(t)-Ep(t) ] dt , (7)
vhere ' is Young”s modulus, C/ g tre longitudinal wave velocity, a, and 1,

are the 1initial cross sectional arca and length of the specimen, and A 1is
the crose sectional area of the pressure bar. Typically it is assumed that
the stress on both faces of the specimen (and throughout tke specimen) is

constant at any time, which implies that

Ep(t) = Eg(t)+Ea(t) (8)

and simplifies Eqs. 6 and 7 to read

o(t) = E fL Eq(t) , (%)
(o]
and
et) = [ 20 g (e) a (10)
- . t t .
T &

When Eq. 8 applies, ueasurement of the reflected and transmitted
strain gage signals deterunines the stress strain behavior in the deforming
specimen. The operational problem with this 1lies in establishing the
precise timing between these waves. Usually, it is assumed chat placlng
strain gages equidistant from the sample assures that the strain gage
signals correlate in real time. However, the precise timing between the
three waves will be influenced by imperfect interfaces, the presence of
lubricantse and the transit time through the specimen. Flastic wave
dispersion will combine with the sources of error listed above to
complicate the selection of "zero” time with waich to start the integration
in Eq. 10. The combined effect of these errors 1is emall (e.g., an
uncertainty of + 10us 1in the timing velationship), but can have a large
influence on the predicted stress strain curve as the setrain rate {s
increased, or as the total test time is decreased.

To minimize these errors we have added several calibration routines to



our SHPB test procedure. First of all, wve establish actual timing between
E;y and Eg by firing the atriker bar at the incident bar which is separated
from the transmitter bar. Secondly, we establish actual timing between Ej
and Ep by firing the strikei bar at the incident bar which is ir direct
contact with the transmitter bar (i.e., no specimen). During this
calibration run we alsu verify gage factors for both strain gages by
accurately measuring the striker bar velocity and using the momentum
balance expression given by Lindholm [3]. In addition to these calibration
procedures, we have chosen to use Eqe. 6 and 7 rather than Eqs. 9 and 10 to
compute atress and strain within the deformini specimen. The advantage of
thie is that it reduces the uncertainty in the timing since the timing
between Ey and Eg has been accurately established. Secondly, it allows the
use of Ey, which 1s the most sharply rising wave, to establish "zero” time.
The disadvantage of this procedure 1s that 1t introducees larger
Pocnhammer—Chree oscillations into the stress strain curve which do not
truly represent behavior within the specimen. The extent of this problem
can be minimized y performing a dispersion correction on all ~hree waves
to "move" them to cthe specimen interfaces [28].

An example of a stress estrain curve measured in Nitronic 40 at a
etrain rate of ~ 6000 s~ ! is shown in Fig. 2. The solld curve shown in
Fig. 2 is the result derived using Eqs. 6 and 7 while the dashed curve is
the result derived using Eqs. 9 and 10. The agreement in this case is good
vhich gives confidence in the test procedure and result. At hlgher atrain
rates, the two curves gomet.mes do not agree as well; in these cases we
choose the 3-wave (Eqs. 6 and 7) rather than the 2-wave analysis.

With the procedures outlined above, we have a high degree of
confidence in our SHPB test results at strain rates as high as ~1,5x10"

st In the next section some axperimental results on a variety of FCC

metals will be presented.

IT11. EXPERIMENTAL RESULTS IN SOME FCC METALS

The stress strain behavior of oxygen-free electronic copper and several
copper aluminum alloys and austenitic stainless steels in compression has
been determined over a wide range of strain rates. Data at strain rates
from 103 a”! te ~1.5x10" 8"! were measured using the SHPB test procedure
described in the previous section. Strain rates from 10°“ ¢~! to 107! 7!



were achieved in a standard screw-driven mechanical teaging machine while
data at etrain rates from 107! ! to 102 87! were measured using a
servo-hydraulic testing machine with an optical extensometer. Extent of
deformation wvas generally limited to less than a true strain of 302. Al1l
materials wvere investigated in the recrystallized condition with average
grain dimension of order 30 um to 50 um. The compositions of the stainless
stecls are shown in Table 2.

When testing over the wide range of strain rates indicated above there
is a transition from isothermal test conditions to adiabatic test
conditionse. In the latter case, the temperature rise in the epecimen due

to conversion of plastic work into leat is given by
AT = _Y_ [ a(e) de , (11)

where p 1is the deneity, C_ is the heat capacity and ¥ ie the fraction of

P
work converted into heat (¥ = 1). Table 3 lists approximate values of PCp
and fo(e)de for copper and MNitronic 40 deformed to a strain of 0.20 at

gtrain rates of 6x10% g~! and 5x103 g~!

respectively. (See Figs. 3 and 4).
Included 1in this table are the temperature increases estimated from Eq. 11
and the corresponding decreases in flow stress (estimated from Eqs. 14 and
15 and data presented in the following section). 1t is evident that the
temperature rise and flow stress increment are relatively small 1in copper
b.t much larger in the stainless steel. Thus in the copper teats (and in
the copper-aluminum tests) the temperature rise in the experiments reported
here is not significant, vhereas that in the stainless steel experiments
can not be neglected. This will become evident in the stress strain curves
presented below.

Some stress strain curves for the experiments with copper and Nitronic
40 stainless steel are shown in Figs. 3 and 4. Note in Fig. 4 that the
curves at straln rates less than 10”2 g~ ! intercept those at higher strain
rates. This is a direct consequence of heat generation and the increasing
temperature for the higher strain rate experiments. In contrast the
reaults for copper do not show this trend.

The stress strain curves for both copper and Nitronic 40 indicate that
the eotrain rate sensitivity 1s increasing at high strain rates. It is
sasier to visualize this increase in a semi--logarithmic plot of {low stress
at constant strain versus strain rate. Another advantage of this plot is

that by including several sets of data such a plot allows a separation of



effects due to experimental scatter from those due to real changes in flow
stress. Semi-logarithmic plots at various strains are shown in Figs. 5
through 8 for all materials tested. In each case an increase in rate
sensitivity defined by Eq. 1 is found at setrain rates of the SHPB
experiments. The stainless steel resulte in Figs. 7 and 8 suggest that the
incressed rate sensitivity begins at strain rates as low as 102 s~!. It
should be noted that none of the experimental errors described in the
previous section are important at strain rates as "low” ue 102 8~°. Thus,
this provides further evidence that the increased rate sensitivity found in
these materials is real rather than an experimental artifact. In the next
section the origin of this irncreased rate gsengitivity will be examined in

more detail.

IV. ORIGIN C¥ THE INCREASED RATE SENSFITIVITY AT HIGH STRAIN RATES

Any of the SHPB data shown in Figs. 5 - 8 may be piotted on linear axes and
fit to an equation of the form given by Eq. 2. An example for the copper
data 1s sehown 1in Fig. 9. The agreement with Eq. 2 has led some
investigators to conclude that the increased rate sensitivity found in this
regime 18 due to a transition to drag controlled deformation, as was
described 1in Section 1 [7,14]). However, the experimentally found value of
Op, has been inconsistent with the theoretical wunderstanding of
dislocation/obastacle interactions, which dictates a small, rather than a
large value of op [29,30]. To further understand the implications of the
resulte shown in Figs. 5 - 8, it is worthwhile to review some features of
dislocation/obstacle interactions.

A schematic of a dislocation restricted by several barriers, separated
by an average distance A is shown in Fig. 10. At equilibrium and at O K
the force required to proceed past the obstacle array 1is i and the stress 1

is written

o K
Twm .
B (12)
This stress is called the threshold stress or the mechanizal threshold and
is a measure of the intrinsic strength determnined by the particular
obstacle configuration. Once the dislocation breaks awvay from the first

set of obr'*acles it will proceed to the next set where the same equilibrium



condition applies. For dislocation/dislocation interactions and for a
statistical distribution of dislocations the mechanical threshold stress
becomes [31)

T = aubpl/2 (13)

vhere p is the total dislocation density and a is a constant of order 0.5.
At temperatures greater than O K thermal activation assists the applied
stress and thus a lower applied stress is required to force the dislocation
past the obstacle. The value of the applied stress now becomee temperature
and satrain rate dependent; the actual dependencies are given by an

Arrhenius expression of the form

e =&, exp -2, (14)

where éo is a constant and, for interactions with ehort range obstacles,

the activation energy AG is written [31]

172,32
86 = u(Mbdg, {1 - ()} (15
o
where go 18 the normalized activation energy and o= MT vhere M is the
Taylor factor (M = 3.G6).

These equations do not give a dramatically increasing strain rate
sensitivity at high strain rates, which would appear to imply that the
increased rate sensitivity found at SHPB gtrain rates requires a new
deformation mechanism. However, the restriction to Eqs. 14 and 15 above is
that they describe the temperature and strain rate ds=pendencies of some
unique obstacle configuration or "structure”, the measure of which is the
mechanical threshold, The comparison of experimental results at constarnt
strain 1in Figs. 5 -~ 9 may not satisfy this constant structure restriction.
Strain rate jump tests have been used to probe the constant structure
strain rate gensitivity at lower strain rates. In the SHPB, however, the
errors inherent to the measurement of the dynamic yield stress limit these
techniques to those materials that exhibit a large constant structure
strain rate sencitivity.

Since the constant structure strain rate sensitivity can not be

measured directly at high strain rates, the validity of using a plot at



constant strain to approximate one at constant structure can be

investigated by measuring the mechanical threshold stress.

A. MEASUREMENT OF THE MECHANICAL THRESHOLD

The procedure for measuring the mechanical threshold stress has been
described previously [19,32]. Multiple epecimens are deformad at the
strain rate of interest to the strain of interest. Then each specimen is
reloaded quasi-statically at temperatures of 76 K, ~180 K and 295 K and an
extrapolation 1s made to determine the relosd yield stress at O K.

Combining and rearranging Eqs. 14 and 15 yields

1/2 o 172 €y KT 12/3
(2 - )1 - (12 (16)
UZTS) (UZTS ( e u(T)b3go

which indicates that a plot of the square root of the reload yleld stresr,

normalized by the temperature dependent shear modulus, versus test
temperature, which is also normalized by the shear modulus and raised to a
power of 2/3, should give a straight line. The intercept at 0 K gives the
mechanical threshold while the slope of this line is inversely proportional
to the normalized activation energy gg.

A large test matrix was chosen to investigate o (e, €) 4in copper.
Strain rates of 10™%, 1072, 1, 100, 2000, 5000 and 9500 s~ ! were chosen and
specimens were loaded to strains of 0.05, 0.10, 0.15, 0.20 and 0.25 at each
of these strain rates. Thus 35 separate stress and strain rate histories
were 1nvestigated. In addition, one shock wave recovery experiment was
performed at a shock pressure of 10 GPa [33]). A less extensive series of
mechanical threshold stress measurements was performed in Nitronic 40.
Samples were deformed to a strain of 0.10 at strain rates of 10™3 and 6x103
s .

The results of these studies have been described in [32]. Figure 11
shows the normalized plot suggested by Eq. 16 for copper deformed at a
strain rate of 0.000145 s~! to various streins. The intercept at T = 0 K
is seen to increase with increasing strain, which is consistent with the
behavior expected from Eq. 13. The dislocation density computed from the
measured mechanical threshold etresses and Eq. 13 are shown in Fig. 12. A

straight line of the form



p=p,+He , (17)

where M = 11x10!* =72 gnd p, = 0 can be fit through the results in Fig. 12.
Gilmen [34] has proposed on theoretical grounds an equation iaentical to
Eq. 17 where M is termed the dislocation multiplication constant. Although
Gilman has emphasized that the coefficient M is a w®measureable purameter
that may vary with temperature [34] (and, thus, with strain rate), the
coefficient M is generally perceived ae a constant. For copper, M is found
experimentally to lie within the range of M = 5x10!* to 15x10!% m™2 [15]
over a wide range of stiain rates, which agrees with the value found 1in
Fig. 12.

The dependence of the tirvreshold stress for copper deformed at various
strain rates to o strain of 0.10 19 shown in Fig., 13. If corstant strain
wvere to imply constant structure, then the mechanical threshold stress, or
the intercept at T = O K in Fig. 18 ghould be independent of strain rate.
As shown, however, there 1s a definite strain rate dependence to the
mechanical threshold. The data at strains of 0.10 and 0.20 are plotted on
the semi-logar'thmic axes in Fig. 14. Included in this figure are the flow
stress values p.otted in Fig. 5. The results in this figure clearly show
that the increase in the mechanical threshold stress parallels that of the
flow stress. Of particular interest 1s the behavior at strain rates
greater than 103 §7! where the increasing rate sensitivity of the flow
stress is accompanied by that ~f the mechanical threshold stress; this 1is
easier to visualize in the 1linesv axes of Fig. 15. By interpolating
between the test results at different strain and etrein rates, it 1is
possible to generate the plot of flow stress at constant mechanical
threshold stress versus strain rate shown in Fig. 16. This plot shows no
dramatic increase in rate gensitivity at strain rates exceeding 103 3'1,
which should be contrasted with the behavior at constant strain shown 1in
Fig. 5.

Measurements in the copper sample shock deformed at 10 GPa [33] gave
an even higher value of the mechanical threshold stress than was measured
at equivalent strains at strain rates to 10% s~!. The history during shock
deformation and release is very complicated and, in fact, the strain rates
may differ by orders of magnitude between the loading and release
processes. The ehock process does, however, yield a well defined

equivalent plustic etrain [35]), which in copper shock deformed at 10 GPa is



0.0825. Figure 17 shows the compariaon of the mechanical threshold stress
at this strain as a function of strain rate. The strain rate for the shock
deformation is assumed to lie within the range 105 s~} to 107 o7!, It is
evident from this figure that the increasad rate sensitivity of the
threshold stress noted at strain rates exceeding ~103 g~! continues into
the shock regime. Unfortunately, we do not know the value of the flow
stress vhich accompanies the measured mechanical threshold stress for the
shock deformed sample. Without the flow stress it is not possible to
evaluate the contribution of dislocation drag controlled deformation during
the shock defnrmation.

The results for Nitronic 40 shown in Fig. 18 also indicate an
increasi..y ..echanical threshold stress with strain rate, but the increase
is wmuch less than the increase in flow ntress. This impliea that whcreas
most of the increase in flow stress with strain rate in copper 1s due to
the rate sensitivity of structure evolution, that in Nitronic 40 is
primarily due to intrinsic rate sensitivity described by Eq. 13. Thus, an
abrept change 1in strain rate from a quasi-static to a dynamic strain rate
should yield a very small increase in flow stress 1in copper but & very
large increased flow stress in the stainless steel. The results shown in
Fig. 19 for a Nitronic 40 sample deformed at a strain rate of 1073 87! to o
etrain of 0.10, unloaded, then reloaded at a strain rate of 3x10% s~} tend
to verify that most of the rate sensitivity in this material is intrinsic.
The increased rate sensitivity at strain rates exceeding ~102 87! in this
material is likely related to the increase in the mechanical threshold
etress with etrain rate, as vas found for copper. This, however, needs to
be verified with additional measurements of the mechanical thrashold stress
at intermediaie strain rates.

To summarize, these measurements of the mechanical threshold streus
have shown that for copper and Nitronic 40 deformed at strain rates less
than 10" 0-1. the flow stress is less than tne threshold stress, which
indicates that dislocation drag is not 1respon.sible for the increased
dynamic etrain rate sensitivity found in these materials. In copper, the
predominant rate seusitivity seen in a plot of stress at constant strain
versus strain rate is due to the rate sensitivity of structure evolution.
In Nitronic 40 this latter rate sensitivity combines with the intrineic
rate sensitivity tc yield the behavior shown in Fig. 18.

One of the conclusions based on the mechanical threshold measurements



and analysis presented here is that Eq. 17, as it 18 written, is not a

valid description of dislocation generation over a wide range of strain
rates. This relation treats plastic strain as a structure, or
thermodynamic state variable, which we have shown is not appropriate for
both copper and Nitronic 40. Clearly the constant M in Eq. 17 must be a
function of strain rate, or perhaps stress, as was originally postulated
[34]. Previous investigators have measured the dislocation densities 1n
quasi-statically and dynamically deformed copper [15] and aluminum [12,36]
using transmission electron microscopy. A large 1increase in p with
increasinp strain rate was measured in Al single crystals [12] and
polycrystals [36]), whereas only a small increase was measured in Cu seingle
crystals [15]. It sehould be noted, however, that TEM techniques to
determine dislocation densities in heavily (e > 0.01) deformed metals are
subject to large errors. The ratio of the maximum (for the 10 GPa shock)
to the minimum (at € = 1074 a'l) mechanical threshold stress in Fig. 17 is
only 1.8 which, from Eg. 13, 1implies that the ratio of dislacation
densities for these two histories is only ~ 3.2. This may be outside the
precision of techniques based on dislocation counting in the TEM when
dislocation densities are so high (p ® 10! m2). For this reason,
evidence for the general validity of Eq. 17 based on TEM observations
should be regavded with some suspicion. Equation 18 is an approximate but
limited rule that should be ..sed only to give a rough estimate of

dislocation generation rates in FCC metals.

V. IMPLICATIONS FOR CONSTITUTIVE LAWS

The mechanical threshold measurements in copper and Nitronic 40 1lead to
several conclusions concerning the choice of numerical models or
constitutive laws to describe the mechanical behavior of these materiale
over & wide range of utrain rates. One conclusion concerning the validity
of Eq. 17 was discussed in the previous section. For models based on
dislocation theory and micromechanisms, it 1is clear that Eq. 17 1is
unsuitable for the description of dislocation generation. The main
shortcoming of Eq. 17 14 that, as written, it implicitly assumes that
dislocation densities are equivalent at equivalent strain, i.e., the rate
dependence of dislocation generation is ignored.

The above considerations are related to the more general conclusion



that strain is an inappropriate variable to incorporate into a constitutive
law as a path independent parameter. This is not a new conclusion, but the
danger of assuming that constant strain implies constant structure has been
demonitrated here for the interpretation of the increased rate sensitivity
found at otrain rates exceeding ~10% s~!. These results reeaphasize the
importance of 4incorporating some form of an internal state variable into
constitutive lawe. This is an essential feature of recent numerical
procedures proposed by Bammann [37] and others.

Another conclusion based on the results repovted here is that the
constant structure (or intrinsic) strain rate sensitivity does not increase
dramatically in the FCC metals considered as the strain rate is vaised
above ~103 §~!, Although the actual stress-strain rate behavier may be
describable by an equation of the form of Eq. 1, this equation
overestimates the actual rate sensitivity. Thus when this equation 1is
incorporated into a numerical model that is used to describe deformation in
a compoiuent in which the strain rate is charging, the predicted behavior
may differ greatly from the actual behavior of the material. This may be
important, for instance, in the prediction of the formation of
instabilicies 1in plastic flov [53]. Use of a constitutive law in the form
of Eq. 2 can overestimate the stabilizing influence of strain rate in such
problems. Our results suggest that the strain rate dependence of the flow
stress in copper, copper-aluminum alloys, and austanitic setainless steels
should reaain 1in the format given by Eqs. 14 and 15 or, equivalently, in

the form
. (E), (18)
% €,

vhere m << 1. Indeed, recent formulations proposed by Johnson [39] and
Bammann [37] retain the low intrinsic rate dependence given by these

expressions.

VI. SUMMARY

This paper has included two major themes. The first considered the
validity of experimental results determined with SHPB techniques. It was
.oncluded that thase techniques can yield valid dyaamic stress strain data
provided that certein precautions regarding lubrication, specimen aspect



ratio, and limiting strain ratea are practiced. There are additional

features of the data reported in Section 1II that support the validity of

the results; these are listed below.
1) Although not emphasigzed previously, the SHPB results reported 1in
Fige. 5 = 9 were obtained with two and, for the copper results in
Figs. 5 and 9, three different bar sizes [19]. Decreasing the diameter
of the pressure bar, and thus the diameter (but not the aspect ratio)
of the specimen allows, from Eq. 4 and the discussion in [27], higher
strain rates. The fact that similar results were obtained with
different bar diameters provides confidence in test results.
2) The main question regarding dynamic test results in the SHPB 1is
vhether or not there exists an increasing strain rate sensitivity at
high etrain rates. The results for the austenitic stainless steels
shown in Figs 7 and 8 show a clear trend with strain rate, with an
increasing rate sensitivity beginning at strain rates wel' below the
region where inertia considerations are important; this is further
evidence in support of the validity of the test results.
3) Finally, we note that the mechani:al threshold values also showed an
increasing ynamic rate sensitivity. This is strong evidence that the
corresponding increased rate sensitivity of the flow stress values
represents actual material behavior since the ratio 0/8 can not

decrease with increasing strain rate.

The major theme of this paper then was tc evaluate the source of this
increased &strain rate sensitivity. Measurements of the mechanical
threshold stress coupled with an analysis of the kinetics of
dislocation-obstacle interactions led to the conclusion that the increased
rate eensitivity found in a plot of flow stress at constant otrain versus
strain rate arises from the rate sensitivity of structure evolution rather
than from any change in deformation wmechanism. In the copper,
copper-alluminum alloys and austentic stainless steels evaluated at strain
rates less than ~10“ 0'1. dislocation drag mechanisms are not rate
controlling.

This result {implies that viscous laws such as Eq. 2 should not be
incorporated into constitutive descriptions of material behavior under
these conditions since the low etrain rate sensitivity of thermal
activation controlled deformation is maintained to strain rates as high as
10 o~! in these materials. However, any description of constitutive



behavior over a wide range of strain rates needs to acco;nt for the rate
dependence of etructure evolution. Although this can be done empirically
by measuring o(é,e), as vas reported here, theoretica) descriptions of
dislocation generation processes might be very useful in eventually leading
to complete descriptions of constitutive behavior in FCC metals and alloys

as well as in metals of othe: crystal structures.
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Table 1. Previous Investigations of High Rate Deformation of FCC Metals

Reference Maximum € Material Rate Sensitivity
7103 g1y

Hauser et al [2] 15 pxtl Al I(ncreaaing)
Lindholm [3] ? pxtl Al,Cu,Pb C(onstant)
Karnes and Ripperger [4] 4 pxtl Al 1
Holt et al [5] | Al alloys:

7075, 6061 C
Ferguson et al [6] 10 extl Al I
Kumar et al [7] 26 axtl Al 1
Lindholm and Yeakley [8] 2.6 1100 Al I
Dharan and Hauser [S] 120 pxtl Al 1
Green et al [10] 1 1060 Al, PbH

OFHC Cu,Ni C
Lindholm [11) 60 1100 Al I

pxtl Cu C
Chiem and Duffy {12] 5 extl Al I
Ripperger [13] 5 OFHC Cu I
Kumar and RKumble [14] 2 pxtl Cu I
Edington {15] 0 sxtl Cu I
Dusek et al [16] 10 sxtl Cu 1
Stelly and Dormevel [17] 20 sxtl Cu I
Shioiri et al [18) 2.5 OFHC Cu 1
Follansbee et al [19] 30 OFE Cu 1
Malatynski and Klepaczko |[20] 2 pxtl Pb I
Muller [21) 10 pxtl Ni I



Table 2 Conpouitions* of Stainless Steels Tested

Element AISI 304  AISI 304L AISI 3108 AISI 316L Nitronic 40
Cr 18.25 18.27 26.72 17.10 20.01
Ni 8.35 8.81 19.39 10.95 7.10
Mn 1.29 1.40 1.64 1.49 8.92
Mo 0.23 0.31 0.]0 2.13 0.14
si 0.29 0.33 0.54 0.61 0.70
Cu 0.47 0.43 0.08 0.54 0.40
c 0.05 0.015 0.067 0.01z 0.02
P 0.037 0.027 0.018 0.025 0.023
S 0.024 0.018 0.008 0.005 0.002
N 0.09 V.083 — 0.099 0.32

* In weight percent.

Table 3 Thermal properties and estimated temperature rise and flow stress
decrease for adiabatic deformation * of copper and Nitroni. 40

MP
PC,, (_k_a) [a(e)de (MPa) AT (K) Ao (MPa)
Copper 3.43 41.2 12 1
Nitronic 40 3.60 221.2 62 125

* & = 5000 87!; ¢ = 0.20



FIGURE CAPTIONS

FIG. 1 Schematic of the split Hopkinson pressure bar showing the two, long
elastic pressure bars separated by the plastically deforming specimen.

FIG. 2 Dynamic (e = 6000 8~l) gtress strain curve for Nitronic 40
ilinstrating the difference between the 3-wave analysie (solid 1line) and
the 2-wave analysis (deshed line).

FIG. 3 Stress strain curves for copper measured over a wide range of
strain rates. The oscillations in the two curves at the highest strsin
rates are “Pochhammci - Chree" oscillations and arige from dispersion of
the elastic waves in the pressure bars [28].

FIG. 4 Stress strain curves for Nitronic 40 stainless steel megsured over
a wide range of strain rates. The oscillations in the test at € = 50060 g~!
have been removed by smoothing. (See dashed lines in Fig. 3.)

FIG. 5 Flow stress measured at constant strain versus strain rate for
copper.

FIG. 6 Flow stress measured at a constant strain of € = 0.20 versus strain
rate for Cu - 0.2 Al, Cu - 2 Al and Cu - 6 Al.

FIG. 7 Flow stress measured at a constant strain of € = 0.10 versus strain
rate for Nitronic 40 and 316L stainless steels.

FIG. 8 Flow stress measured at a constant strain of € = 0.10 versus strain
rate for 304 (left abscissa), 304L (left abscissa) and 310S (right
abscigsa) stainless steels.

FIG. 9 Flow batress measured at cqnetang strajn versus strain rate (on a
linear axis) for copper. (Data at ¢ < 10° s~! omitted.)

FIG. 10 Schematic illustration showing :the intergction of a dislocation
with an idealized array of obstacles of strength K (at 0 K).

FIG. 11 Reload yield stress (o) versus reload test temperature (T)
according to the normalized coordinates suggested by Eq. 16 for copper
specimens prestrained at a strain rate of 0.00014 s~! to the straine
indicated.

FIG. 12 Total dislocation density, determined from the data shown in
Fig. 11 and Eq. 13, versus strain for copper specimens deformed at a strain
rate of 0.00014 ™!, .

FIG. 13 Normalized plot of reload yield stress versus reload test
temperature for copper specimens deformed at the strain rates indicated to
a strain of € = 0,10.



FI1G. 14 Semi-logarithmic plot gshoving the measured flow stress and
mechanical threshold strees values at strains of 0.10 and 0.20 versus
strain rate for copper deformed at a wide range of strain ratas.

FIG. 15 Measured flow stress and mechanical threshold stress values for
copper plotted versus strain rate on a linear axis.

FIG. 16 Flow stress at the threshold stress values indicated versus strain
rate for copper. This plot at constant threshold stress should be
contrasted with the behavior at constant strain shown in Fig. 5.

FIG. 17 Mechanical threshold stress at & strain of 0.0825 versus strain
rate. Included in this plot is the data a copper specimen shock-deformed
at a shock pressure of 10 GPa.

FIG. 18 Flow stress and mechanical threshold stress values for Nitronic 40
deformed to a strain of € = 0.10.

FIG. 19 Stress stTain curves for Nitronic 40 specimens deformed at strain
rates of 0.002 e~! and 3000 s~! and for one specimen deformed at the lower
strain rate to a strain of 0.10, unloaded, then reloaded at the higher
strain rate.



STRIKER BAR

TRANSMITTER

INCIDENT BAR  SPECIMEN el:H:PB?BAR

~

J 1 f L

STRAIN GAGE &<

STRAIN GAGE £~

TRUE STRESS (MPx)
[ ] a
g 2

&
8

[)elete

.84 .08 .12 .18
TRUE STRAIN

Ar .'fl AT XY ' T ks on

24

alt  awrs



o A A A a 'l A A 'y P T S S J | Bde ol ad a2 2 b A
0.00 0.08 0.10 0.1 0.20
TRUE STRAIN

\

o
a)

e
Stress (MP
§

.
rue

T
i

N ITRONIC GO

s *- — — . -

=

True Stfuin




400
ov
COPPER
350 -
an
300 L i ‘.'g::
‘g a & :.
s lf:
250 s .20 .: p
[} s s:
N a & a
a 15 AA
200 r' a .A..
.44 s
a ] g - a
2 .10
50 .ﬁ‘
i
a “’.
s | s ‘2 ‘a
00 £ =-085
30

STRESS (MPA

TAVE

= | 1 | .
g ¥
-
500 b
Cu-€ni a
-
o -
' Cu-211 z i,
A0 . .
»
L
- « 2HhI
200 |-
-
g=02
1 i 1 : 1 | L |
.-1: -:-'z - .-02 la‘

TAvE STRAIN FATE (s~




w—
—

M

(Str ess

(MFa)

TAVE S1iress

€ = 0.70
- .
8° 1200
- o i = O. .
B QR "
100 -
i [ Y
oFL . * 4 %00 :
o
‘ . - 1000 i
i 8 8 ° 4 700
- L ~~ 900 |
< 8 l\
o
i o SoNIC 9O :
3405 1 00 Z goo | N g ¢ '
[ o °$° & 8 [ ..’
N o °:o° 4 so00 h‘:'l 700
.,u.,. 3
[ ]
L % o0
600 | 3o e - | . ® ) b
. ) e _ o o 3/‘L
: s o 3 = so0} °®
N . 3
: ‘oo [ 1 [ | 1 1 'l I 1 ']
e- & 4 H -5—4-3-2-101234
«00 S Ve [[@] P {O 0 (o0 /0 /0 /0 (=] /O
w* w0° 10 w10 W K8 W 1w W O TRUE STRAIN RATE (s7)
i€ Strain Rate (s7) <
N

v.-C



Q)

400

350

300

250

200

TRUE STRESS (MPA)

150

100

S50

COPPER

5000 10000
TRUE STRAIN RATE (s™")



"

i X
- A — A ~
I —
0.090 T T T T Y T T
i 0.00014 ¢!
0.28
= —8 -
- v Qyoee
s ‘L._JL15 ~ )
b i 0.070 | 8 o~
e 0.10 "
g
0.080 | .
F_€x008 o .
0.060 . | { 4 1 J—fl
0.01 0.02 0.03 0.04

(kT4 (1) b3

]2/3



4 ™ T || I ' u.
: 18
9
p— 1 ” m
b
T
4
5§
- . " < 18
o
U W
N 1 ) A A O
3 . 3 d 2 3
(2% &, O/ ) AessnIo ~oLy 2075/
@3
0.078 T T Al

-4 A 0828
e Y - 0..

0.088 -9 IMIII

ﬁr' (@] —
0.00014 ¢~ o
€=0.10

0.060 L . .

0 0.01 0.02 0.09 0.04

Bl



g

TRUE STRESS (MPA)

85000
TRUE STRAIN RATE (s™V)

10000 15000 20000

‘m 1 )/ T 1 i | L | ¥
OFE |COPPER

350 + {: R
l(\ € = 0-20 &
a h'as
S 300 |- s A a
~ ] ﬁ .
an i &
e , %
o 250 & 7
- g 8
1753 € =0.10
w i L,iu
E 200 222 A‘A A
=l

v a
150 | 7]
o THRESHOLD STRESS
100 P 1 i N D B S | |
65 100 1©8' 1w 10° 10

TRUE STRAIN RATE (s77)



3

[P 14

+AUE STRESS (MPD

CONSTANT THRESHOLD STRESS Use
o
‘or davra
300 P~ ”'.MJ
GA‘ = 300 DI‘.' - - L]
250 —
OA’ = 230 wa' . - —
200 +— c" = 200 wn . .
X | L I . L . |
150
0 o P 0 lo
TAUE LOBSTRAIN RATE  ( s™')
\. -
400 *
€ = 0.0825 :
o~
«
o
2 ’
~ 10 GPA SHOCK —e0---'---=p
wn 300 | :
7,
(W] |
[ i
= !
7] " ! -
o
a =]
2 200 |- Lo
n o
] o 0
3 lo )
- " |
. ) ) t ' ‘. " d | :
100 Mﬂ.ﬂw&m '
10 10 10° 10’ 10" 10’

* STRAIN RATE (s°")



T | T T T T Sw
- =0 4 414 &
b nw AFﬂn - QWW "Mw
- w
: - 1w
- W « Jo&
~ « - 4
- <&
- a {eg
]m m ‘I. s
[ ]
lm Q=4 ) l-wm
= 1
'e

| 1 1 | 1
: § 8§ § &
- - -

(VdW) SS3H1S 3Nl

2000
1800 |-

Y

| 47

21

- R ey Y

{ ) i ~

(VdW) SST)S Indl

A

Ut STRAIN



